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Abstract
Silver-poly (dimethylsiloxane) nanocomposite 
ﬁlms are prepared by an in-situ synthesis by 
incubating the polymer ﬁlm in a silver nitrate 
aqueous solution and using the reducing 
properties of the polymer’s curing agent. Silver 
nanoparticles concentrated in the surface 
layer of the silver-poly (dimethylsiloxane) 
nanocomposite are further replaced by gold 
through a galvanic replacement reaction at 
the poly (dimethylsiloxane)/gold salt solution 
interface. It is demonstrated that, as a result of 
the galvanic replacement, the quasi-spherical 
silver nanoparticles uniformly distributed on 
the surface of the polymer are transformed 
into ribbon-like elongated gold aggregates. The 
formation of core-shell Ag-Au nanoparticles as 
an intermediate state of the low-temperature 
galvanic replacement is evidenced through 
microscopic and spectral methods. The 
collapse of this structure, in a later stage of the 
replacement, leads to the formation of elongated 
gold aggregates. The mechanism of the galvanic 
replacement under different conditions is 
investigated by closely following the evolution 
of the morphology, composition, and optical 
properties of the metal nanoparticles. 
Introduction
Synthesis of  various noble metal nanostructures 
has been an active area for decades, because of  
their interesting properties and their importance 
to a variety of  applications such as photonics, 
SERS, optoelectronics, catalysis and chemical & 
biological sensing [1-4]. By controlling the size, 
shape, and composition (in the case of  bimetallic 
nanoparticles), their properties can be tailored. 
Particularly, for Au and Ag, the resonance frequency 
of  surface plasmon (SPR) can be tuned by adjusting 
the size and morphology or by alloying. In some 
cases, the SPR band could be shifted to the near-
infrared region, a region of  particular interest for 
biomedical applications such as for example, cancer 
hyperthermia [5,6].
Xia et al. has developed a method to prepare hollow 
nanostructures with controlled pore volume and wall 
thickness, by using the galvanic replacement reaction 
carried out in aqueous solutions [7-9]. This reaction is 
based on the reduction potential difference between 
silver and gold (AuCl
4
-/Au is 0.99V, which is higher 
than Ag+/Ag = 0.8V) that allows the oxidation of  Ag 
nanostructures by the solution of  the gold salt. The 
gold that results in the replacement reaction grows 
on the silver template adopting its morphology and 
forms a thin shell around it. Hollow structures are 
formed by the further oxidative dissolution of  the 
core. In some cases, under appropriate conditions, 
the gold could alloy with the un-reacted silver [10]. 
The galvanic replacement procedure was extended 
to other noble metals (Pt and Pd) by using a silver 
template and the corresponding salts. It has been 
demonstrated that the size and shape of  the initial 
Ag nanoparticles determine the morphology of  the 
structures generated by the replacement reaction. 
Recently, the galvanic replacement reaction was 
studied in a highly viscous ionic liquid environment 
and the transformation of  quasi-spherical Ag 
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nanoparticles into dendritic ﬂat Au-Ag nanostructures 
has been demonstrated [11]. Ag@Au core-shell 
nanostructures were also prepared by using a 
hexagonal shape Ag template and performing 
the galvanic replacement reaction between Ag 
and HAuCl
4
 in the presence of  poly(vinyl 
pyrrolidone) [12]. 
Poly (dimethylsiloxane) (PDMS) is a polymer used for 
the fabrication of  microﬂuidic devices. It has received 
the most attention due to its ease of  preparation, 
low cost, good transparency and non-toxicity to 
biomolecules. Due to these properties, PDMS can 
be used directly for cell culturing [13,14]. In addition, 
PDMS has a low glass transition temperature (T
g
), 
excellent ﬂexibility, high thermal and oxidative stability, 
good hemo- and biocompatibility [15], properties 
that make it a very attractive polymer host for the 
fabrication of  nanocomposites [16]. After crosslinking, 
it becomes an elastomeric material with a low 
Young’s modulus of  ~ 750 kP which enables it to form 
reversible seals and it can be molded into functional 
devices. Gold (silver) - PDMS nanocomposites 
are important functional materials with interesting 
potential applications as sensors, ﬁlters, low refractive 
index materials and thermochromic materials 
[17,18]. In a previous work, we have prepared 
Ag – PDMS and Au – PDMS nanocomposites for 
biosensing applications, by incubating PDMS ﬁlms 
prepared with a high concentration of  curing agent, 
for at least 18 hours in an silver nitrate (AgNO
3
) 
or chloroauric acid (HAuCl
4
) aqueous solution at 
room temperature [19]. Our results showed that 
the metal nanoparticles formed by reducing the 
corresponding salts by the curing agent, are 
concentrated on the surface of  the polymer ﬁlm 
and can be used for biosensing. The amount of  
metal nanoparticles on the surface depends on 
both, the concentration of  the salt solution and 
time of  incubation, that is, the time the polymer 
and the solution are in contact. The gold and silver 
nanoparticles prepared through this procedure 
are quasi-spherical and their size was found to be 
around 100-150 nm. Any attempt to prepare Au-
Ag alloys by co-reduction of  chloroauric acid and 
silver nitrate by using the same procedure, failed. 
The UV-Visible spectra showed that, invariably, after 
incubating for several hours the polymer ﬁlm in a 
solution containing both gold and silver salts, gold 
alone was found on the surface of  the polymer. This 
intriguing result suggests that silver nanoparticles, if  
formed in the process, are transformed immediately to 
gold by a galvanic replacement reaction. Preliminary 
spectral results have shown that, when a Ag-PDMS 
composite ﬁlm is incubated in a HAuCl
4
 solution, 
Ag will be gradually replaced by gold, the reaction 
proceeding through several intermediate states. The 
aim of  this work is to investigate in depth the Ag/Au 
galvanic replacement reaction at the PDMS/aqueous 
solution interface and to obtain further insights about 
the mechanisms responsible for the morphological 
and spectral changes involved in this process.
Experimental section
Materials
All chemical were used as received, without any 
further puriﬁcation: Sylgard® 184 elastomer kit 
for PDMS fabrication (Dow Corning Corporation), 
AgNO
3





Aesar). Deionized water obtained from NANOpure 
ultrapure water system (Barnstead) was used in all 
the experiments.
Preparation procedure
Poly (dimethylsiloxane) was fabricated by mixing the 
prepolymer and curing agent in a ratio of  4:1 (H = 
0.25), followed by evacuation for 15 minutes to 
remove air bubbles. The degassed assembly 
was kept in the oven overnight for curing at 60˚C. 
Samples of  size 3×1×0.1 cm3 were cut from the 
cured PDMS. PDMS samples were incubated for 
different times (3-48h) in silver nitrate solution. The 
samples obtained after incubation in 15 mM AgNO
3
 





O solution at different temperatures (0°C, 
20°C, 40°C). Incubation was done for times ranging 
from a couple of  seconds to several hours.
Instrumentation
A Hitachi S-4700 FEG-SEM was employed for 
imaging the composite ﬁlms. EDX analysis was done 
by Hitachi S-3000N VP-SEM equipped with an X-Ray 
analyzer (Link manufactured by Oxford Company). 
The MA line of  Au and LA line of  Ag were selected. 
For SEM imaging, samples were coated by Au/Pd for 
one minute using the Hummer VI sputtering system. 
Quantitative elemental analysis was also done by 
A ESCALAB 3 MKII X-ray photoelectron spectroscopy 
(XPS) system manufactured by Kratos. The spectra 
were recorded by using a PerkinElmer® Lambda650 
UV-Visible spectrophotometer in the wavelength 
range, 350-850 nm.
Results and discussion
The Ag/Au galvanic replacement reaction in water 
and organic solvents is usually described by 
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-(aq)  Au(s) + 3Ag+ (aq) + 4Cl-(aq)
When the replacement reaction is performed in 
an aqueous solution at high temperature, the 
transformation from Ag to Au nanoparticles involves 
a number of  processes including dissolution of  
the silver template with generation of  gold atoms, 
deposition of  gold on the surface of  the template, 
growth of  the gold nanoshells around the dissolving 
silver template, diffusion of  Ag into the gold shell 
and formation of  Au-Ag alloys and, ﬁnally, a de-
alloying process accompanied by a morphological 
transformation [8]. In this case, as in all previous 
studies, the reaction is carried out by adding 
increasing amounts of  HAuCl
4
 solution to the silver 
nanostructures. In the present work, the galvanic 
replacement reaction is carried out by increasing 
gradually the time of  incubation of  an Ag-PDMS 
nanocomposite in a HAuCl
4
 aqueous solution with 
an adequate concentration and it takes place at the 
polymer/solution interface.
Figure 1 shows the spectra of  the Ag-PDMS prepared 
by incubating a thick PDMS ﬁlm in the silver nitrate 
solution (15 mM) for times ranging from 1 to 48 hours. 
The ﬁgure shows that the absorbance of  Ag LSPR 
band increases with the time of  incubation. As shown 
in our previous work, Ag nanoparticles are formed by 
reduction of  AgNO
3
 by the curing agent. The curing 
agent, together with PDMS oligomers, segregated in 
the surface layer, permits the concentration of  the 
Ag nanoparticles formed by the reduction reaction, 
in this layer. Ag nanoparticles synthesized in this 
way are of  quasi-spherical morphology with an 
average diameter of  100-150 nm and, when kept in 
de-ionized water, the structure is stable for weeks.
Figure 2 shows the SEM images associated with 
the replacement experiment carried out at room 
temperature. Figure 2a shows the SEM images of  
the Ag-PDMS prepared by leaving a thick PDMS 
ﬁlm in the AgNO
3
 solution (15 mM) for 22 hours. 
Silver nanoparticles and aggregates of  Ag can be 
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reduction reaction. Exposure of  Ag-PDMS to the 
HAuCl
4
 solution for 7 hours results in the complete 
replacement of  silver by gold (Figure 2b). The image 
shows aggregated structures, mostly with elongated 
shapes. The backbones of  the aggregates are 
formed from several rows of  spherical particles at 
which branched structures are attached. Figure 3 
shows the spectra corresponding to the evolution 
with time of  the Ag/Au replacement reaction. The 
band at 540 nm in Figure 3a corresponds to Au, the 
end product of  the replacement reaction under these 
conditions. In an attempt to capture some of  the 
intermediate states of  the replacement reaction, the 
Ag-PDMS sample was kept in the gold salt solution 
for different times (few seconds to 10 hours) and the 
UV-Visible spectra corresponding to the different 
stages of  the replacement reactions carried out at 
room temperature are shown in Figure 3b. Weak 
bands at 462 and around 503 nm can be seen in 
the spectrum corresponding to a sample dipped 
into the solution for a very short time (couple of  
seconds). The spectra show that, immediately upon 
dipping, there is already some replacement, as a 
shoulder around 520 nm can be seen together with 
the two bands at 462 and 503 nm; these two bands 
belong to the PDMS curing agent but it is not clear 
at this point, why the bands due to the curing agent 
cannot be seen in the spectra of  Ag-PDMS and in 
the end product of  the replacement reaction.  Their 
position is the same in all the spectra corresponding 
to different time of  incubation, while the intensity of  
the Au LSPR band increases with time. After 7 hours, 
the Ag/Au replacement is almost completed and a 
broad band at 560 nm shows the exclusive presence 
of  gold nanoparticles. Experiments were performed 
at 40°C as well but the replacement reaction was 
completed after approximately 15 min and no 
intermediate states could be evidenced.
In order to decrease the rate of  the replacement 
and study its mechanism, the replacement reaction 
was carried out at low temperature (0°C) and the 
morphology and spectra of  the intermediate states 
were further investigated. In the very beginning 
of  the replacement reaction, some interesting 
structures were found as shown in Figure 4. In these 
images, the dark spots on the silver nanoparticles 
are gold particles that seem to take the shape of  the 
underlying silver. Figure 4a is a large scale (10 μm) 
image of  the sample right after dipping it in the gold 
salt solution. It can be clearly seen, the gold that 
surrounds the silver nanoparticles and aggregates 
at the very beginning of  the replacement reaction. 
On this large scale image, the particles seem 
to be arranged along parallel straight lines. This 
may be the result of  some displacement of  silver 
nanoparticles by the solution that withdraws from the 
sample after removing the sample from the solution. 
Figure 4b and 4c show the close-up images of  
core-shell particles that have a quasi-spherical 
shape (see inset Figure 4b). However, as it can be 
seen in the ﬁgure, particles having other shapes, 
some of  them anisotropic, are present in the sample 
as well. The spectrum corresponding  to the low 
temperature replacement reaction (Figure 5) shows 
two broad Ag and Au LSPR bands (initial and end 
states), together with a broad absorption at higher 
wavelengths (around 800 nm) attributed to the 
intermediate state that could belong to a core-shell 
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The Au/Ag particles shown in Figure 4 are core-
shell particles of  a great size and shape diversity 
illustrated by the broad Ag and Au LSPR bands. 
No tuning of  the Au LSPR band with the time of  
incubation, that is, with increasing Au concentration 
can be achieved as in the case of  replacement 
reactions carried out in water at high temperatures. 
This result can be accounted for by the fact that the 
replacement reaction proceeds at different rates 
on different particles because of  their diversity in 
size and shape. At a given time, the replacement 
can be in an early stage, or a more advanced one, 
depending on the size and shape of  the underlying 
silver particle. Because of  the large size of  the 
original particles (100-150 nm), at some point during 
the replacement, the core-shell structure will collapse 
and elongated assemblies of  Au nanoparticles are 
formed as shown in Figure 2b.
The changes in the chemical composition shown in 
Figure 6 (EDX) and in Table 1 (XPS) are in a good 
agreement with the previous results. Indeed, Figure 
6b corresponding to the intermediate state shows 
the presence of  both Ag and Au in the sample. 
This result is conﬁrmed by the XPS data as well. It 
is interesting to note that some Ag is still present in 
the end product of  the replacement; however, no Ag 
band can be seen in the spectra. Silver originates 
probably, from AgCl, the insoluble product of  the 
replacement which cannot be removed because of  
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Figure 7 shows a schematic of  the polymer-mediated 
replacement of  Ag by Au. It has been shown that 
the adsorption of  metal nanoparticles in polymers 
such as polystyrene and PVP is affected by their 
size and polydispersity and by the nature of  their 
interaction with the surface.21 In the case of  Ag 
nanoparticles embedded in PDMS, the interaction 
is strong as the polymer, through the curing agent, 
directly participates in the reduction reaction. The Ag 
nucleates and grows in the polymer matrix as shown 
in Figures 7a-c. Because of  the strong nanoparticle-
PDMS interaction, it is reasonable to assume that the 
replacement reaction occurs between the Ag and 
Au nanoparticles embedded in the PDMS surface 
layer, rather than between the Ag and Au alone, 
as in the case of  solution. At  low temperature, the 
Ag-PDMS nanocomposite is ‘frozen’ and, in spite of  
the lower diffusion rate of  Au3+, a high concentration 
of   core-shell particles will form, as seen in Figure 4. 
At this point, due to the proximity, the particle-
particle interactions become stronger than the 
interaction of  the particle with the polymer. When 
the quite fragile core-shell structures collapses, due 
to the high afﬁnity between the gold particles, they 
aggregate and elongated domains are formed as 

















Table 1: XPS data corresponding to the galvanic replacement reaction
Sample  Elemental   Height  Atomic  
 ID  B.E  CPS SF  Percentage (%) 
PDMS  Si2p  103.05  41258.12  0.27  22.25 
 C1s  285.28  76309.67  0.25  47.83 
 O1s  533.11  109421.07  0.66  29.92 
Ag-PDMS  Si2p  103.22  38795.39  0.27  22.11 
 C1s  285.83  72742.92  0.25  47.68 
 O1s  533.30  102850.76  0.66  29.70 
 Ag3d  369.17  8781.50  5.2  0.52 
Ag-PDMS/Au 
(Instant)  Si2p  103.01  50115.90  0.27  22.05 
 C1s  199.33  93443.80  0.25  47.20 
 O1s  285.22  137722.34  0.66  30.26 
 Ag3d  368.80  6543.61  0.25  0.27 
 Au4f   84.13  1202.60  4.95  0.03 
 Cl2p  199.33  1230.61  0.26  0.19 
Ag-PDMS/Au 
(7h)  Si2p  102.97  51411.59  0.27  22.4 
 C1s  285.20  94922.04  0.25  47.57 
 O1s  533.03  136975.44  0.66  29.77 
 Ag3d  368.70  4743.72  5.2  0.19 
 Au4f   85.21  2665.25  4.95  0.07 
 Cl2p  199.33  - 0.26  -
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different from that of  Au-PDMS prepared directly 
from HAuCl
4
. The ability to control aggregation of  
nanoparticles would lead to new nanostructures with 
a host of  potential applications including biosensing, 
catalysis, nanoscale electronics, etc. 
Conclusion
The Ag/Au galvanic replacement reaction that takes 
place at the interface of  PDMS/aqueous gold salt 
solution is investigated under various conditions 
and the results compared with that performed in an 
aqueous reaction environment. It has been found 
that the outcome of  the replacement reaction, 
that is, the ribbon-like elongated Au aggregates, 
is signiﬁcantly different from those reported in the 
literature. Core-shell nanoparticles as intermediate 
state were found when the replacement reaction was 
carried out at low temperature (0°C). The collapse of  
the core-shell nanostructures well before the end of  
the replacement reaction is accounted for by their 
large size and the presence of  a very thin Au shell 
as shown by both SEM and compositional surface 
analysis. Assembling metal nanoparticles into well-
deﬁned architectures will lead to properties distinctly 
different from the corresponding isolated particles.
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